The development of the microscopically folded structure of the diffuse epitheliochorial placenta in pigs is important because it expands the surface area for maternal-fetal exchange, resulting in an increase in placental efficiency. To better understand the regulatory mechanisms involved in this process, we characterized miRNA expression profiles in porcine placentas during the initiation and establishment of placental fold development. A total of 42 miRNAs were found to be differentially expressed, and their putative target genes were predicted using four target prediction programs. Following a comparative analysis with published gene expression pattern data obtained from porcine placentas in the corresponding stages of placental fold development, only those genes that were negatively correlated with miRNA expression were retained for further function and pathway enrichment analysis. The results showed that the up-regulated miRNAs were associated mainly with extracellular matrix remodeling and tissue morphogenesis, while the down-regulated miRNAs were related to cell proliferation and signal transduction. Furthermore, we provide evidence that miR-130b may facilitate the expression of HPSE, which has been reported to be a regulator of the folding of the pig placenta, by suppressing the expression of PPARG. In addition, we also reveal that the miRNA-target pairs expressed in the pig placenta may trigger the degradation of the stromal matrix and basement membrane (miR-29a-COL1A2, COL3A1, and LAMC1) and regulate trophoblast epithelial cell adherens junctions (the miR-200 family and miR-205-ZEB2-CDH1) and proliferation (miR-17-92 cluster-HBP1 and ULK1). Taken together, these results indicate that miRNAs and related pathways may have potential roles in porcine placental fold development.
INTRODUCTION
Pigs have a noninvasive, diffuse epitheliochorial placenta wherein the uterine epithelium remains intact throughout gestation. The pig conceptus trophoblasts begin to adhere to the endometrial epithelial cells on Day 13 of gestation, forming the trophoblast-endometrial epithelial bilayer [1] . This is followed by the development of the maternal and fetal capillary networks, respectively, on either side of the bilayer [2] [3] [4] . Around Days 25-30 of gestation, the porcine epitheliochorial placenta is established, and the adhered trophoblast-endometrial epithelial bilayer begins to develop its microscopic folded structure, within which the maternal-fetal exchange takes place [2] . Thereafter, the folded placental structure develops more complexity as gestation advances. Given that the development of this folded structure contributes to increases in placental size, reduces the distance between maternal and fetal capillaries, and has been demonstrated to be associated with fetal growth and prenatal survival in pigs, it was suggested that placental efficiency may be attributed mainly to the development of its folded structure [5] [6] [7] [8] .
In agreement with previous reports [2, 5, 7, 9] , our investigation of the morphological structure of placental folds in Yorkshire and Chinese Meishan pigs on Days 26, 50 , and 95 of gestation indicated that, regardless of the pig breed, a few irregular microscopic folds were observed on Day 26 of gestation and that the folded structure of the bilayer became regular by Day 50 of gestation. After this point, the folds developed more complexity in Meishan pigs than in Yorkshire pigs, further increasing the surface area for maternal-fetal exchange as gestation proceeds [10] . Consistent with the idea that cell migration, proliferation, and morphogenesis of the epithelial bilayer are required for the development of microscopic folds [11] [12] [13] [14] , we found that while most of the trophoblasts were proliferating on Day 26 of gestation, only a very small number of trophoblasts showed weak proliferative activity on Day 50 of gestation. In addition, heparanase (HPSE), which has been demonstrated to participate in cell migration and growth, was observed to be highly expressed by trophoblast cells on Day 26 of gestation but was barely detected on Day 50 of gestation. These findings are in agreement with a previous report [7] that Days 25-30 and the days around Day 50 of gestation may represent the initiation stage (irregular folds begin to form, and trophoblast cells exhibit high proliferative activity) and the establishment stage (regular folds are formed, and trophoblast cells show very weak proliferative activity) of placental fold development, respectively [3, 5, 7, 15] . Although many genes have been reported to participate in the proliferation and migration of trophoblast cells [16] [17] [18] [19] , the mechanisms involved in the remodeling of the folded bilayer in the pig placenta are still not well established.
MicroRNAs (miRNAs) are small (19-25 nt) , endogenous, noncoding RNA molecules that posttranscriptionally regulate gene expression [20, 21] . A large number of miRNAs have been shown to be expressed in human placental tissues. Many miRNAs have also been shown to be associated with placental development (trophoblast cell differentiation, proliferation, invasion, and migration) and pregnancy-related disorders, such as pre-eclampsia, intrauterine growth restriction, or placenta accreta, in humans [22] [23] [24] [25] . In pigs, Yang et al. [26] reported on the miRNA expression profile of the early embryo. In addition, Su et al. [27] investigated the expression of miRNAs in porcine placentas on Days 30 and 90 of gestation and identified miRNAs that have potential roles in porcine placental growth and functions. Together, these results indicate the importance of miRNAs in the development of the pig placenta.
Therefore, the objectives of the present study were to 1) identify miRNA expression patterns in the porcine placenta during the initiation and establishment stages of placental fold development and 2) to investigate miRNA-gene pairs that might be involved in porcine placental fold development.
MATERIALS AND METHODS

Samples and RNA Preparation
All procedures for the collection of samples performed according to protocols approved by the biological study animal care and use committee, Hubei province, China. Meishan and Yorkshire gilts were obtained from the pig farm of Huazhong Agricultural University (Wuhan, China) and were mated naturally with one boar of their respective breed at the onset of estrus (day ¼ 0) and again 24 h later. Gilts were euthanized on Day 26 or Day 50 of gestation (n ¼ 2 gilts/breed/gestational day). The placenta (chorioallantoic tissue) for each fetus was collected as previously described [28] . All tissue samples were washed briefly with PBS, snap-frozen in liquid nitrogen, and stored at À808C. Total RNA from each placenta was extracted by using Trizol reagent (Invitrogen, Carlsbad, CA). The quality and quantity of these RNA samples were determined by electrophoresis and spectrophotometry. Three placentas from each gilt were used for RNA isolation. For each breed, RNA extracted from one placental tissue sample from one gilt was pooled in equal volume with the RNA from the corresponding site of the other gilt that was euthanized on the same gestational day. Therefore, 12 pools of RNA samples were prepared and sent for hybridization with an miRNA Affymetrix microarray through a commercial service.
Affymetrix miRNA Array and Data Analysis
The Affymetrix GeneChip miRNA1.0 array analyses (Affymetrix, Santa Clara, CA) were performed using a commercial Affymetrix array service (GeneTech Biotechnology Limited Company, Shanghai, China). The Affymetrix GeneChip miRNA1.0 Array contains 7815 probe sets representing miRNAs from 71 organisms. The sequence information for this array was selected from the miRBase miRNA database 11.0 (http://www.mirbase.org). The RNA labeling, miRNA array hybridization, scanning, and quantification were performed using Affymetrix GeneChip system instruments and protocols.
Raw signal intensity values were background corrected using the robust multichip average (RMA) method, then quantile normalized, median polish summarized, and log 2 transformed for chip data [29] . Processing was performed using the R programming language (http://cran.r-project.org), and libraries were provided by the Bioconductor project [30] . All microarray data have been deposited into the NCBI Gene Expression Omnibus (GEO accession number GSE62996). A total of 1861 probe sets representing human, mouse, rat, and porcine mature miRNAs were selected for subsequent analyses. To ensure the specificity of miRNA detection in the porcine placenta samples, only the 220 miRNAs that included porcine miRNAs or miRNAs whose mature sequences are highly conserved in human, mouse, and rat were selected to evaluate miRNA expression by averaging the expression of homologous miRNA probe sets. The miRNAs that were differentially expressed between Gestational Days 26 and 50 were identified using the Limma package [31] . Raw P-values were converted to adjusted P-values using the BenjaminiHochberg false discovery rate [32] . The criterion for significance of differentially expressed miRNAs was established as a fold change of .2 with an adjusted P-value of ,0.05. The expression values of the differentially expressed miRNAs were subjected to unsupervised hierarchical clustering analysis by correlation similarity matrix and complete linkage algorithms using the R language.
Using Quantitative Real-Time PCR to Analyze Differentially Expressed miRNAs
Quantitative real-time PCR (qRT-PCR) was used to validate the microarray data from 24 placental (chorioallantoic tissue) samples in total (three fetuses/ gilt/breed/gestational day). Reverse transcription was performed using a One
Step PrimeScript miRNA cDNA synthesis kit (Takara Bio Inc., Dalian, China) according to the manufacturer's instructions. The qRT-PCR was performed using a standard SYBR green PCR kit (Toyobo Co. Ltd, Tokyo, Japan) in a LightCycler 480 Real-Time PCR machine (Roche Diagnostics Ltd, Risch, Switzerland). PCR conditions were as follows: a single cycle for 5 min at 958C followed by 40 cycles of 30 sec at 958C, 20 sec at 608C, and 15 sec at 728C. The RNU6 (small nuclear RNA U6) gene was used as a control. Primers used for qRT-PCR were designed based on mature miRNA sequences (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). The cycle number at which the reaction crossed an arbitrarily placed threshold (CT) was determined for each miRNA, and the relative amount of each miRNA to RNU6 was described using the equation 2
ÀDCT
, where DCT ¼ (CT miRNA -CT RNU6 ) [33] . The mixed linear model in the SAS 8.1 program was used to perform statistical analysis. Because no significant breed effect was found for the expression levels of the miRNAs validated, the model we used included the fixed effects of day of gestation (Days 26 and 50) and the random effect of piglet placenta within gilt. A P-value of ,0.05 was considered to be significant.
Bioinformatics Analysis
To predict the targets for the identified differentially expressed miRNAs, we used a strategy similar to the integrative in silico bioinformatics analysis described by ElHefnawi et al. [34] and Liang [35] with four steps. First, we predicted the target genes for the differentially expressed miRNAs using four programs (TargetScan, http://www.targetscan.org; miRanda, http://www. microrna.org/microrna/home.do; PicTar, http://pictar.mdc-berlin.de; and miRDB, http://mirdb.org/miRDB). Putative targets that were uniformly predicted by all four programs were retained for further analyses. Second, while the present study was in progress, Bischoff et al. [36] published gene expression data for placentas from Chinese Meishan and white composite pigs at different gestational days (25, 45, 65, 85 , and 105 days of gestation). Previous reports on the histological and morphological characteristics of the pig placenta suggested that Gestational Days 25-30 and Days 45-50 could be considered to represent the initiation and establishment of placental fold development, respectively [7, 10] . Therefore, we downloaded the data (NCBI GEO accession number GSE10446) and analyzed the gene expression profiles of placentas between Days 25 and 45 of gestation using the R programming language. RMA was used for background correction, followed by quantile normalization and summarization of multiple probe intensity for each probe set using the median polish approach. Probe sets that were differentially expressed between Day 25 (representing the initiation stage of fold development) and Day 45 (representing the establishment stage of primary fold development) of gestation were identified using the Limma package. The Benjamini-Hochberg method was used to adjust for P-values in multiple comparisons. Differentially expressed probe sets were defined as having an adjusted P-value of ,0.05 and a fold change of .2. Second, NetAffy Annotation Release 34 (http://www. affymetrix.com/analysis/index.affx) was used to annotate the differentially expressed probe sets. Third, by integrating the data from the above two steps, we selected the putative miRNA targets that were differentially expressed between the two gestational stages. The predicted miRNA-target pairs were then identified based on the presence of inverse expression relationships between miRNAs and the differentially expressed putative targets, for example, if the miRNA was up-regulated and the putative targets were down-regulated. Pearson correlation coefficients were computed to confirm correlations between miRNA-target pair profiles. Fourth, the enrichment of specific gene ontology (GO) biological processes and KEGG pathways for the predicted miRNAtarget pairs were analyzed using the DAVID Web-based tool (https://david. ncifcrf.gov). The network was built by Cytoscape (http://www.cytoscape.org).
Using qRT-PCR to Analyze the Predicted Target Genes
The qRT-PCR was used to confirm the expression patterns of the predicted miRNA target genes in the same samples used for validation of the miRNA.
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Reverse transcription was performed using a PrimeScript RT Reagent Kit with a gDNA Eraser (Takara Bio) according to the manufacturer's instructions. The qRT-PCR was performed using standard SYBR Premix Ex TaqII (Tli RNaseH Plus; Takara Bio) in a Bio-Rad CFX384 Touch Real-Time PCR Detection System (Bio-Rad Laboratories, Inc., Hercules, CA). PCR conditions were as follows: a single cycle of 30 sec at 958C, followed by 45 cycles of 5 sec at 958C, 30 sec at 608C, and 15 sec at 728C. The GAPDH gene was used as a control. All of the primers used in the validation assays are listed in Supplemental Table S2 . The mixed linear model in the SAS 8.1 program was used as for the validation of the differentially expressed miRNAs. A P-value of ,0.05 was considered to be significant.
Dual Luciferase Reporter Assays
For luciferase reporter experiments, the 3 0 UTR segments of seven predicted target genes were amplified from cDNA that was isolated from porcine placentas (for PCR primers, see Supplemental Table S3 ) and cloned into psiCHECK-2 dual luciferase reporter plasmids (Promega, Fitchburg, WI). The products were the wild-type plasmids for each gene. To generate a reporter plasmid for the mutant putative seed region in the 3 0 UTR of the predicted target genes, two mutagenesis strategies were used: 1) For the genes HBP1, ULK1, LAMC1, and PPARG, which each contain a single putative binding site (Supplemental Fig. S1 ), we mutated the putative binding site with the mutagenic primer pairs designed to amplify the wild-type plasmids using a QuikChange Site-directed Mutagenesis kit (Stratagene, La Jolla, CA), and 2) for the genes COL1A2, COL3A1, and ZEB2, which each contain multiple binding sites (Supplemental Fig. S1 ), the mutant putative binding sites were amplified by overlap extension PCR [37] and cloned into the psiCHECK-2 dual luciferase reporter plasmid. The primers used are listed in Supplemental Table  S3 . The sequences of the plasmid inserts were confirmed by DNA sequencing. The miRNA mimics (miR-17, miR-20a, miR-130b, miR-205, miR-200c, and miR-29a) and their mutant miRNA mimics (miR-17_mut, miR-20a_mut, miR130b_mut, miR-205_mut, miR-200c_mut, and miR-29a_mut, respectively) were synthesized as duplexes (sequences are listed in Supplemental Table S4 ). A scrambled sequence (NC) was constructed for the negative control (Supplemental Table S4 ). PK15 cells were cultured in DMEM complete medium (HyClone, Logan, UT), supplemented with 10% FBS (HyClone) and 1% penicillin/streptomycin (HyClone) at 378C with 5% CO 2 in a humidified incubator. In the dual luciferase assays, PK15 cells were seeded in 96-well plates 24 h prior to transfection. The miRNA mimics, mutant miRNA mimics, or NC were cotransfected into PK15 cells with the reporter plasmid containing the corresponding binding sequences or mutant sequences using Lipofectamine 2000 (Invitrogen). Cells were collected 24 h after transfection. Firefly and Renilla luciferase activities were measured in cell lysates using a DualLuciferase Reporter Assay System (Promega). Firefly luciferase activity was used as an internal control for the normalization of transfection efficiency. The transfections were repeated three times, and three replicates were performed for each transfection. A P-value of ,0.05 by Student t-test was considered to be significant.
RESULTS
miRNA Expression Profiles in Porcine Placentas on Days 26 and 50 of Gestation
In this study, RNA samples from the placentas of Meishan and Yorkshire pigs, obtained on Days 26 and 50 of gestation, were analyzed by Affymetrix miRNA microarray analysis. In total, 1861 probe sets, representing human, mouse, rat, and porcine miRNAs, were selected for subsequent analyses (Supplemental Table S5 ). A total of 220 miRNAs (Supplemental Table S6 ), which included porcine miRNAs and miRNAs whose mature sequences are highly conserved in human, mouse, and rat, were used for the identification of differentially expressed miRNAs by Limma (R package). Based on a twofold change cutoff with 95% significance (adjusted P-value of ,0.05), a total of 42 miRNAs were found to be differentially expressed in placentas between Gestational Days 26 and 50 (Supplemental Tables S7 and S8 ).
The 42 differentially expressed miRNAs were classified into two groups (Fig. 1) . The first group contained 28 miRNAs that exhibited lower expression levels in placentas on Day 26 of gestation compared to those on Day 50 of gestation (termed the up-regulated miRNA group). The most interesting miRNAs within this group included seven members of the let-7 family (let-7a/b/c/d/e/f/i), four members of the miR-23-27-24 cluster (miR-23a, miR-24, and miR-27a/b), two members of the miR-30 family (miR-30a/e), one member of the miR-200 family (miR-141) and miR-29 cluster (miR-29a), and miR-205. The 14 miRNAs in the second group were expressed at higher levels on Day 26 of gestation compared to Day 50 of gestation (termed the down-regulated miRNA group). This group included five of the six members of the miR-17-92 cluster, a well-known cluster of miRNAs with oncogenic properties (miR-17, miR-18a, miR-19a, miR-20a, and miR-92a).
Validation of Differentially Expressed miRNAs by qRT-PCR
To further validate our microarray results, we examined the expression of 13 of the 42 differentially expressed miRNAs by qRT-PCR. The expression patterns for the 13 miRNAs were consistent with those from the microarray data. Among these miRNAs, miR-205, miR-141, miR-23a, miR-24, miR-27a, miR-29a, miR-183, miR-100, and miR-30a were expressed at decreased levels in placentas on Gestational Day 26 compared to Gestational Day 50 (Fig. 2) . The miRNAs miR-122, miR92b, miR-130b, and miR-17 were expressed at higher levels in placentas on Gestational Day 26 than on Gestational Day 50 ( Fig. 2 ). An additional three miRNAs (miR-200a, miR-200b, and miR-200c) that displayed expression levels that did not differ significantly from the microarray data were also selected for validation because they belong to the miR-200 family. The results showed that significant differences in the expression of these three miRNAs were observed in placentas between the two gestational stages in both Meishan and Yorkshire pigs (Fig. 2) .
Identification of Predicted miRNA-Target Pairs and In Silico Functional Analysis
We found that a total of 2504 putative targets of the 42 miRNAs (Supplemental Table S9 ) were uniformly predicted by the four programs used in this study (TargetScan, miRanda, PicTar, and miRDB). In addition, a total of 2839 probe sets representing 1731 genes were identified to be differentially expressed in placentas between Gestational Days 25 and 45 (928 up-regulated and 803 down-regulated genes, respectively; adjusted P-value of ,0.05, fold change of .2; Fig. 3 and Supplemental Tables S10-S12). By integrating these two data sets, a total of 467 predicted miRNA-target pairs were identified, and more than 90% of the miRNA-target pair correlation coefficients were smaller than À0.85 (Supplemental Fig. S2 and Table S13 ). KEGG pathway and GO analyses for the predicted miRNA-target pairs were then performed. Pathways related to the predicted targets for the up-regulated miRNA group were involved in focal adhesion, ECM-receptor interactions, regulation of the actin cytoskeleton, the TGF-beta signaling pathway, gap junctions, and SNARE interactions in vesicular transport (Fig. 4A and Supplemental Table S14 ). The predicted targets for the down-regulated miRNA group were associated with the phosphatidylinositol signaling system, ECM-receptor interactions, small cell lung cancer, pathways in cancer, and regulation of the actin cytoskeleton ( Fig. 4B and Supplemental Table S15 ). Analysis of these biological processes revealed that the predicted targets for up-regulated miRNA group were associated mainly with extracellular matrix (ECM) remodeling (e.g., collagen fibril organization and ECM organization), tissue development (e.g., ectoderm development, heart development, skeletal system development, and in utero LIU ET AL. embryonic development), tissue morphogenesis (e.g., cell adhesion, cell morphogenesis involved in differentiation, cell morphogenesis, and cell migration), and cell proliferation (e.g., regulation of epithelial cell proliferation and regulation of cell proliferation; Fig. 5A and Supplemental Table S16 ). However, the most significant GO terms in predicted targets for the down-regulated miRNA group were related to cell proliferation (e.g., positive regulation of antiapoptosis, regulation of antiapoptosis, negative regulation of cell proliferation, and regulation of cell proliferation), cell signal transduction (e.g., Table S17 ). Taken together, these results show that the functions of the identified miRNAs might be associated with ECM remodeling, cell proliferation, and tissue morphogenesis (Fig. 6 ).
Validation of Differentially Expressed Target Genes by qRT-PCR
The expression patterns of 14 differentially expressed target genes that were related to ECM remodeling, tissue morphogenesis, and cell proliferation were confirmed to be consistent with those in the gene expression microarray data. Briefly, PPARG, CDH1, CLDN1, OCLN, TJP3, GATA2, TP53INP1, HBP1, and ULK1 were expressed at decreased levels in placentas on Gestational Day 26 compared with Gestational Day 50 (Fig. 7) , whereas ZEB2, COL1A2, COL3A1, LAMC1, and TGFBR1 were expressed at higher levels in placentas on Gestational Day 26 than on Gestational Day 50 (Fig. 7) .
Validation of the Interactions of the Predicted miRNATarget Pairs Using the Dual Luciferase Reporter Assays
Nine predicted miRNA-mRNA interactions were validated with dual luciferase reporter assays. The 3 0 UTR of HBP1 contains one predicted binding site for two members of the miR-17 family: miR-17 and miR-20a. One binding site was predicted in ULK1, PPARG, and LAMC1 for miR-20a, miR130b, and miR-29a, respectively. Meanwhile, COL1A2 and COL3A1 have two predicted binding sites for miR-29a each. The 3 0 UTR of ZEB2 contains two predicted binding sites for miR-205 and three predicted binding sites for miR-200c. As shown in Figure 8 , luciferase activity was significantly reduced by transfection of a wild-type miRNA mimic with a wild-type plasmid compared to transfection of NC, whereas transfection with a mutant miRNA mimic or a mutant plasmid failed to decrease luciferase activity. These results confirmed the interactions of the miRNA-mRNA pairs we predicted in the study.
DISCUSSION
One typical feature of the established pig placenta is epitheliochorial placental fold development. Pig placental folds are initially formed around Days 26-30 of gestation (representing the initiation stage of fold development), which becomes a temporary steady-state stage of development until around Day 50 of gestation (representing the establishment stage of primary fold development), after which the secondary ridges begin to develop between the primary folds to further increase the maternal-fetal exchange surface area [2, [5] [6] [7] . In the present study, we identified differentially expressed miRNAs and their expression patterns in pig placenta (chorioallantoic tissue) during the initiation and establishment of placental fold development. Integrating our miRNA data set with a data set that contained genes that were differentially expressed in the placenta between Gestational Days 25 and 45, published by Bischoff et al. [36] , suggested that miRNAmediated pathways related to ECM remodeling, tissue morphogenesis, and cell proliferation are involved in this process.
miRNA-Mediated Pathways Related to ECM Remodeling
Previous studies have suggested that the migration of trophoblast epithelial cells upward and/or downward to the placental stroma as gestation advances may contribute to pig placental fold development [6, 7] . This migration is a multistep process in which the degradation of the ECM barrier (which includes the basement membrane and stromal matrix) is a critical event that requires the molecular interactions of multiple regulators. The three most abundant components of the ECM are collagens, proteoglycans, and multiadhesive matrix proteins, such as laminins and fibronectins [38] . One of the major proteoglycans that has been identified in pig placental homogenates is heparan sulfate proteoglycan, the level of which was found to be decreased during late gestation [39] . It has been demonstrated that HPSE is the pivotal enzyme that degrades the heparan sulfate proteoglycan during ECM remodeling. The mRNA and protein of HPSE were found to be expressed by pig trophoblast cells in an apical position on Day 26 of gestation, but it was not detectable on Day 50 of gestation. The finding of significantly down-regulated expression of HPSE mRNA and protein during these two critical stages of porcine placental fold development suggested that HPSE may be the important regulator in the folding of the trophoblast-endometrial epithelial bilayer [7, 10, 40] . Shen et al. [41] provided evidence using ChIP-PCR that suggested that PPARc (peroxisome proliferator activated receptor gamma), a ligand-activated transcription factor, plays a role in the suppression of tumor cell migration by directly inhibiting 
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HPSE gene transcription. Furthermore, miR-130b, which was included in the down-regulated miRNA group in our study ( Figs. 1 and 2 and Supplemental Table S8), has been reported to exert a role in tumor cell invasion by suppressing its functionally relevant downstream target, PPARG [42] . In our study, by both microarray analysis and qRT-PCR, we found that the PPARG gene showed up-regulated expression pattern in the placenta during the two examined gestational stages and that its expression pattern was inversely correlated with miR130b and the HPSE gene (Figs. 1, 2 , and 7 and Supplemental Tables S8, S11, and S13). In addition, we used a dual luciferase reporter system to show that miR-130b can specifically bind to the 3 0 UTR of the PPARG gene (Fig. 8) . Therefore, miR-130b may participate in the regulation of HPSE gene expression during placental development in pigs (Fig. 9) .
Results from our miRNA expression data, KEGG pathway analysis, and GO analysis revealed that the most significant biological processes of targets for the up-regulated miRNA group were related to ECM remodeling (Figs. 4A and 5A and  Supplemental Tables S7, S14 , and S16). One of these, miR29a, is a member of the miR-29 cluster, which has gained recognition as a modulator of ECM production [43] . During human placental development, the miR-29 cluster is significantly up-regulated in placentas in the third trimester compared with the first trimester of pregnancy [44] . Several genes encoding collagens (COL1A2 and COL3A1) and laminins (LAMC1) have been validated as targets of miR-29a in previous studies [45] [46] [47] [48] and by the use of a dual luciferase reporter system in this study (Fig. 8 and Supplemental Table  S13 ). Among these genes, COL1A2, COL3A1, and LAMC1 showed down-regulated expression patterns in pig placenta on Day 50 compared with Day 26 of gestation, as assessed by both microarray analysis and qRT-PCR in the present study (Fig. 7 and Supplemental Table S12 ). Furthermore, miRNAs in the let- Table S7 ), which are up-regulated in the third trimester in human placental development, have been reported to play a role in the remodeling of the ECM by regulation of the TGFb pathway [44, 49, 50] . The markers let7b and let-7c reduce the expression of ECM proteins by repressing the expression of TGFBR1 (TGF-b1 receptor 1), thereby regulating ECM remodeling [49, 50] . Our results showed that TGFBR1 was down-regulated on Day 50 of gestation ( Fig. 7 and Supplemental Tables S12 and S13). Overall, these results imply that the identified up-regulated miRNAs may regulate ECM protein expression and, as a consequence, regulate ECM remodeling (Figs. 6 and 9 ).
miRNA-Mediated Pathways Related to Connections Between Cells or to the Cell Matrix
Meanwhile, the connections between cells and between cells and the matrix are composed of tight junctions, adherens junctions, and focal adhesions, which are important in maintaining the integrity of the epithelium during development [51] . In the present study, we found that the genes encoding molecules related to tight junctions (TJP3, tight junction 3; OCLN, occluding; CLDN1, claudin1; CLDN3, claudin 3; CLDN4, claudin 4; and CLDN7, claudin 7), adherens junctions (CDH1, E-cadherin), and focal adhesions (ITGA2, integrin, alpha 2, and ITGB4, integrin, beta4) were up-regulated during the establishment stage of porcine placental fold development (Supplemental Table S11 ). The expression patterns of TJP3, OCLN, CLDN1, and CDH1 were further confirmed by qRT-PCR (Fig. 7) . These observations imply that these genes potentially contribute to maintaining stable porcine placental fold structures by strengthening the cell substratum and cellcell attachments and thereby limiting cell migration. Furthermore, CDH1 is a well-known gene that is expressed in the epithelium and that is involved in cell cohesiveness during tissue morphogenesis [52] . CDH1 suppression enhances the development of migratory cells by increasing cell motility and facilitating dissociation from the ECM [53] . Recently, it was shown that transcription factor ZEB2 (E-box-binding protein 2) can repress CDH1 expression by binding to the E boxes in the CDH1 promoter [54] . Moreover, ZEB2 has been well characterized as a target of the miR-200 family and miR-205. It has been reported that overexpression of miR-200 family members or miR-205 hinders tumor motility and invasion by enhancing CDH1 expression through the direct targeting of ZEB2 [55, 56] . Interestingly, we found that four of the five members of the miR-200 family (miR-141, miR-200a, miR200b, and miR-200c) and miR-205 were up-regulated in pig placenta on Day 50 of gestation, which was an inverse expression pattern to the ZEB2 gene, but that they exhibited a similar expression pattern to CDH1 (Figs. 2 and 7 and Supplemental Tables S11-S13). Meanwhile, we confirmed, using a dual luciferase reporter system, that ZEB2 contains miR-205 and miR-200c binding sites (Fig. 8) . The results indicated that miR-200 family members and miR-205 may modulate CDH1 expression by regulating the expression of ZEB2 and that they may therefore play important roles in the maintenance of the integrity of the folded trophoblastendometrial epithelial bilayer of pig placenta (Fig. 9) .
miRNA-Mediated Pathways Related to Cell Proliferation
Hong et al. [10] reported that Ki67, a well-known cell proliferation marker, was expressed by most porcine trophoblast cells on Gestational Day 26 but that only a few trophoblast cells were Ki67 positive on Gestational Day 50 [10] . This observation indicated that placental trophoblast cells exhibit higher proliferative activity on Gestational Day 26 compared to Gestational Day 50. Consistent with these results, we identified, among the differentially expressed miRNAs between the two critical stages of porcine placental fold development, many predicted miRNA-target pairs that have Table S7 ) were demonstrated to inhibit cell proliferation. It has been shown that miR-24 can act as an inhibitor of osteosarcoma cell proliferation [57] . The miR-30a/ Eya2 axis functions in the regulation of G1/S cell cycle progression to suppress breast cancer cell proliferation [58] . In addition, miR-100 has been shown to have an effect on reducing proliferation in tumor cells [59] . However, we found that miRNAs in the down-regulated miRNA group have effects that promote cell proliferation (Supplemental Table S8 ). For example, miR-122 has been shown to enhance the growth of tumor cells through the PI3K/Akt signaling pathway, and miR-126 was found to increase endothelial progenitor cells and, as a result, enhance microvessel density in the rat placenta [60] .
In addition, the miR-17-92 cluster is highly evolutionarily conserved, and its role in the promotion of cell proliferation in various cancers has been well characterized [61] . During human placental development, the miR-17-92 cluster was found to be significantly down-regulated in third-trimester placentas compared with first-trimester placentas [44] . Another study of human placentas demonstrated that the miR-17-92 cluster was expressed at relatively high levels in rapidly proliferating cytotrophoblasts compared with the slowly proliferating syncytiotrophoblasts [62] . Thus, the miR-17-92 cluster plays critical roles in promoting trophoblast cell proliferation during placental development. In the present study, we found that five of the six members of the miR-17-92 cluster (including miR-17, miR-18a, miR-19a, miR-20a, and miR-92a) exhibited down-regulated expression in pig placenta between Days 26 and 50 of gestation (Supplemental Table S7 ). In contrast, several previously characterized targets of the miR-17-92 cluster (HBP1, TP53INP1, ULK1, and GATA2) that were found to be expressed in the pig placenta showed up-regulated expression ( Fig. 6 and Supplemental Table S11 ). The TP53INP1 (tumor protein 53-induced nuclear protein 1) gene has been validated as a target of miR-17 and miR-20a in several cell types [63] and was shown to possess antiproliferative and proapoptotic activities through p53-dependent orindependent pathways [64] . In addition, evidence has indicated that the miR-17-and miR-20a-dependent roles in promoting cell proliferation are due to the suppression of TP53INP1 in gastric cancer [63] . The transcription factor GATA2 (GATA binding protein 2) was shown to be a target of miR-92a and was also found to decrease human hematopoietic stem and progenitor cell proliferation by inhibiting the cell cycle in vitro and in vivo [65] . Previously, HBP1 (HMG-box transcription factor 1), a target of miR-17, miR-19a, and miR-20a [66] , was found to suppress proliferation by promoting cell cycle arrest in several cell lines and animal models [67] . ULK1 (unc-51-like autophagy activating kinase 1), a Ser/Thr kinase and downstream target of miR-20a, has been found to negatively regulate cell growth by inhibiting mTORC1 [68] . In our study, the expression levels of HBP1 and ULK1 were verified by qRT-PCR (Fig. 7) . We also showed, using dual luciferase reporter assays, that the HBP1 gene contains binding sites for both miR-17 and miR-20a and that the ULK1 gene contains a binding site for miR-20a (Fig. 8) . These observations suggest a role for miR-17 and miR-20a in the regulation of trophoblast cell proliferation during placental development (Fig. 9) . These four validated targets for miR-17-92 share the common properties of being antiproliferative and proapoptotic. Given the negative relationship in expression patterns in the pig placenta between miR-17-92 and its validated targets, described above, we hypothesized a possible role for miR-17-92 in the promotion of porcine trophoblast cell proliferation during the early stage of placental fold development.
miRNA-Mediated Pathways Related to Mechanotransduction During the Folding of the Pig Trophoblast-Endometrial Epithelial Bilayer
There is extensive evidence showing that the directional migration of cells can be guided by the mechanical rigidity of the ECM (including the basement membrane and stromal matrix) and that this is one of the mechanical forces that induces mechanotransduction events [69, 70] . Changes in the concentrations of ECM components, such as collagens, can alter the stiffness of the ECM. The generated mechanical forces play important roles during physical folding that are associated with tissue morphogenesis. In addition, cells can actively sense the stiffness of the ECM to which they attach, and they can respond to these changes by, for example, altering the expression of genes involved in cell morphology and migratory capacity [71, 72] . Previous reports revealed that, after the pig trophoblast-endometrial epithelial bilayer is formed, the adherent epithelial bilayer begins to migrate upward into the placental stroma and/or downward into the endometrial stroma to develop the placental folded structure (oriented with the fetal side of the placenta as ''up'') [73] . These observations indicate that the endometrium and placenta provide equal contributions to the formation of the folded bilayer, and the stiffness of the stromal tissues on either side of the bilayer has implications for the migration of the adhered epithelial bilayer. Previously, we reported the expression of miRNAs in pig endometrial samples derived from the same time points that we investigated in this study (Gestational Days 26 and 50) [74] . By using a comparative analysis of the two data sets, we found that the miRNAs expressed in the endometrium (e.g., miR-30c, miR-31, and miR-494) and placenta (e.g., miR-205, the miR-200 family, and miR-29a) mediate common pathways and biological processes that are relevant to the mechanotransduction process. These pathways affect focal adhesion and the regulation of the cytoskeleton (Supplemental Fig. S3 ). Their common biological processes include biological adhesion (e.g., cell-substrate adhesion and cell adhesion), cell migration (e.g., cell motility, cell motion, and regulation of epithelial cell migration), and tissue morphogenesis (e.g., embryonic morphogenesis and cell morphogenesis; Supplemental Fig. S3 ). Our findings suggest candidate mechanosensitive miRNAs that may contribute to regulating mechanically induced pig trophoblast-endometrial epithelial bilayer folding. Therefore, further comprehensive study is needed to investigate the mechanisms involved in pig placental fold development from the point of view of the mechanotransduction process, including the characterization of responsive miRNAs that are sensitive to stromal rigidity and the subsequent cell sensing and signaling mechanisms.
In summary, the present study identified distinct miRNA expression patterns in porcine placentas during the initiation and establishment stages of placental fold development. Moreover, our results suggest that some specific miRNAtarget pairs may be involved in the development of the pig placental folds through the regulation of ECM remodeling, trophoblast epithelial cell proliferation, and trophoblastic epithelial integrity. Therefore, further analyses of the miRNAs and related pathways identified in the present study will help to promote the understanding of the molecular mechanisms involved in efficient porcine placental development.
